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ABSTRACT

We have developed a model to predict the chemical reactivity of carbon nanotubes (CNTs) quantitatively from their initial structures. The
parameters, universal for each reaction, of the model can be obtained from a graphene sheet analysis. The chemical reactivity of hydrogenation,
hydroxylation, and fluorination were predicted within 0.1-0.3 eV errors, compared with first principle simulation results. The model also
predicted the enhanced chemical reactivity of mechanically bent CNTs. The predictions can be applied to the controlled functionalization of
CNTs.

On the basis of carbon nanotubes (CNTe)any potential of the chemical reactivity on the local atomic structure of a
nanoelectronic devices have been proposed and investigatedCNT. Therefore, we have studied the local chemical reactiv-
Some of them, such as+m junctiong and gas sensofsare ity of a CNT to predict the chemical reactivity for the given
based on the direct chemical interactions between externaldeformation.

chemical species and CNTs. Others, such as chemical and Among the various types of chemical reactions, we first
biosensors;® are based on adsorbate-mediated interactions.focused on single covalent bond reactions as representative
These devices are based on chemical reactions on CNTsgystems, for example, hydrogenationH),® fluorination

Recently, the fluorination of the side walls of CNTand (—F)f methoxylation £OR)/ and alkylation £R)2 In those
further derivations® were demonstrated. Also, the inter- reactions, an external reactant X makes a bonk &€ atom,
actions between the S|_de13/valls and radicals were studiedyhich is strained to increase its bond order. Thus, the reaction
using molecular dynamics.® Although a few limited reac-  ¢an pe conceptually decomposed in the following way: (a)
tions have been demonstrated on CNT surfaces, moregyainirg a C atom to form sphybridization with fixed
controlled reactions are required for general applications. Forneighbors (b) breaking the bonds of the strained C atom
example, selective doping of junctions and an enhanced it the neighboring C atoms, (c) binding the freerbital
reaction between an inert CNT and adsorbates for adsorbatesgith, x  and (d) relaxing the neighboring C atoms to
mediated sensors are necessary. In addition, in a recenb..ommodate the changes in bonding character after the

demonstration, it was shown that CNTSs can function as a reaction, The analysis can be further simplified by combining
nanogate through wiring their appropriate positishshus, 1) 3nq ¢ into a single event of the bonding of X on a locally
a detailed understanding of the chemical reactivity on curved g .inaq ¢ atom, as depicted in Figure 1a.

CNT surfaces is desired. . " .
Following the decomposition, the total reaction energy

In general, the chemical reactivity of a CNT is governed E hich is the index of chemical Vi be divided
by the local atomic structur@.For example, the inherently oy WNICA IS The INCEX of chemical reac 'V't.y’ can be divide
into three terms: strain enerdsi.in C—X binding energy

curved surface of a CNT has different chemical reactivity . . .

from the planar sheets of graphene layers. On the basis of=c—%" and global relaxation energeiax Esainis universal

this idea, it has been shown that the conformational deforma-beca,use no external reactgnt IS mtroduced.. Itis also alyvgys
tion in a CNT can enhance the hydrogenation energy at thePositive because energy is absorbed during the straining
location of the excess deformation so that it is possible to proce;s. fHovxeverEch depends on X and should be
change the chemical reactivity of a CNT by mechanical N€gative for the reaction to occur.

deformatiort314To functionalize a CNT as desired, however, ~ We have developed analytic expressions for the individual

we need an analytical model for the quantitative dependenceenergy terms as functions of pyramidal anglg' an
indication of local atomic structure as shown in Figure 1b
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Figure 1. (a) Decomposition of a reaction on a graphene sheet.
(b) Pyramidal angl®,, is defined by the angle between therbital
ando bond minus 90 so thatd, = 0° for a graphene sheet aifg

= 19.47 for sp’. For practical reasons, we take the average of
threefyvalues. (c) Relationship betweéh anda.

Table 1. Initial Equilibrium Pyramidal Angle®), (deg) and
RadiusR (A) of CNTs

graphite 15,0 13,0 12,0 10,0 9,0 8,0 6,0 5,0 Ceg

0.00 343 397 430 512 578 6.41 854 9.96 11.55
o 584 507 4.68 391 353 315 239 195 354

0o
R

theory (DFT)* We have tested the accuracy of the models
with (10, 0) CNT and & fullerene and have verified that
the models provide a good description for 1D and 2D

deformations of a graphene sheet as well as a CNT and a

fullerene. Finally, according to the models, we derived an
equation to predicE, from the initial structure of a CNT.
This equation was applied to various CNTs, of whigh
values are listed in Table 1. The predictegl, values were
compared with fully relaxed DFT results.

We performed DFT simulation using DFF-” and VASP
(Vienna Ab-initio Simulation Packagéj. During DFT
simulations, the cutoff energy was over 26 Ry, and periodic
boundary conditions were applied with at least 5-A vacuum
separations between CNTSs or graphene sheets. Aftpoat
convergence test, we chose singpoint sampling with 16
unit cells for graphene sheets andk-points with a single
unit cell for CNTs. We also use singkepoint sampling for
Cso. During geometry optimizations, the atomic positions
were relaxed until the forces were less than 0.05 eV/A.

Strain Energy. Esain is defined as the excess energy in
the system se.a C atom at equilibrium is pulled up to form
sp® hybridization while all the other C atoms are held fixéd.
Estrain thus is composed of the bond-bending energy of four
C atoms-the pulled-up C atom and its three nearest
neighbors-and the bond-stretching energy of three bonds.
It can be described by force constant models in tern;,of
and bond length a with their initial equilibrium value,’s
andag's.

E _}30i_9i2+1'3i_i2 1
strain_zkblz( p O) 2ks;(a-p aO) ()
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Figure 2. (a) EsyainandEc—x. The black curves are fitted curves

to egs 2 and 6. The gray curves are estim&ggd,values from eq

2. (b) Formation-energy difference between CNTs and a graphene
sheet.

A@L(i =1-3) = Aegl3 because only one of the three
bonds of each first-nearest-neighbor C atom is b&atcan
be expressed in terms 6f, as shown in Figure 1c. Thus,
eq 1 can be simplified as a function @f only.

2
1) 2

A set of Eqrain Values for a graphene sheet, a (10, 0) CNT,
and a G fullerene were computed with the DFT method
and are shown in Figure 2a. The compukgh, values of
the graphene sheet were fitted to eq 2 and gave the universal
parameters, andks as 7.51%0x 102 eV/(angle} and 8.30
eV/A2, respectively. We examined eq 2 and the parameters
as predictind=syins of the (10, 0) CNT and thefullerene.
Figure 2a shows that the predicteég.i, values and the fully
relaxed DFT values are in good agreement ugge 25°,
within which most chemical reactions on CNT surfaces can
be described.

C—X Binding Energy. Ec_x is the binding energy of X
on locally strained C atom and comprises two terms: the

cosf,
cost,

Evvan= 5K(0, — 00 + gksaz(
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breaking ofzr bonds into a freer orbital and the binding of
the freesr orbital with X. For the first term, ther bond-
breaking energy of a graphene sh&gi,n is taken as the
reference, and an energy shit,x due to the inherent
curvature of a CNT is subtracted as eq 3. The formation-
energy differenc\E; between CNTs and a graphene sheet
comes from the strain of bonds andEsir. Hence Eghir can

be described by a certain portion AE;. We computed\E;

of CNTs and summarized the results in Figure 2B is a
function of 64 with a constantt = 5.23 x 1072 eV/(anglej.

For the first approximation, we chose the portion as 1.
Because of the small value af however E is insensitive

to the portion unless a CNT is (6, 0) or smaller. We also
compared the computetE; of Ceo with the value calculated
from experimental data, formation energies @f,& and a
graphene sheét,and we found that the computeXE; of

Ceo is within 2% error.

Efirst(eo) = Egraphite_ 0*902 (3)

For the second term, the rehybridization due to local

Table 2. Esx andEpy and the Maximum Errors Compared to
DFT Results in Figure 3

Esx Epx error in error in

(eV) (eV) Etotal (€V) o™ (deg)
CNT—H —5.15 -1.31 0.1 2
CNT—-OH -5.27 -1.11 0.2 2
CNT-F —5.22 —-2.10 0.3 1

parameters are listed in TableE;-x behaves almost linearly
on 8, because tal) = 6, for small angles and the last term
of eq 6 changes gradually wit,

Figure 2a also shows th&t_x's of a (10, 0) CNT and a
Ceo fullerene agree with the graphene sheet data with small
Eqhire Values. In addition, we note that the-&l bond length
is a function of6, only and is independent of the original
structure, varying between 1.09 and 1.22 A. These results
verify the underlying basis of eq 6 that the nature of the
C—H bond depends mainly of},. Hence Ec x is a function
of local 6, only with small Egpir values.

Global Relaxation Energy. Erelax cOMes from the relax-
ation of the first nearest neighbors because of their strain

straining can be expressed by the portion of s and p orbitalSafter the reaction. Thus, the final structur@”"‘, of the

as eq 4 from ther-orbital axis vector analysi&.According
to eq 4, ther orbital is between the two limiting configura-
tions and is also a function df,. s + p represents a
graphite-like structure witl#, = 0° and has a p orbital for
7 orbital. At the other extreme 2pF s has an s orbital for a
7 orbital with the maximum of), = 35.26.

|nC= v2tan@,)|sCH /1 — 2 tarf(0)lp0  (4)

The second energy term can be estimated from the

expectation value of the Hamiltonidhbetween ther orbital
state in eq 4 and a staig| of X.

Execond0p) = V2taN0)Ey, + /1 — 2 tarf(0 )Es,  (5)

whereEs, and Ey are [$|H|xCand [p|H|xL] respectively Esx

andE,y depend only on the species of X so that they can be

treated as constants for the given &y is generally larger

thanEyx because the eigenvalue of the s orbital is larger than

that of the p orbital.
Combining egs 3 and &c—x can be written as eq 6, which
is a function of only8, with Egpis.

Ec x(0) = Egrapnie— 005 + v2tan@)Eq, +

V1— 2tarf(6,)E,, (6)

The dependence &c-x on 6, was examined by a set of

reacting C atom can be determined at the minimum of the
sum of Egyain @nd Ec—x only, as eq 7. The corresponding
energy isEita — Erelax. COmparing this value witkq, Of a
fully relaxed configuration with the DFT methd@lEciax Was
found to be—0.2+ 0.05 eV for a graphene sheet, a (10, 0)
CNT, and a G fullerene so that the variation iBejax ON

the initial structure remains within 0.05 eV. ThiSex can

be taken to be-0.2 eV regardless of the initial structure.

d(Esirai(@p) + Ec—x(0p)
do,

=0

O,=0p"

()

When all three energy terms are combined, the model,
which can predicEq, as well asfy'", with two parameters
Esx and Eyy is completed.

Etotal = Estrain(aglin) + Ec—x(egin) + Erelax

For the purpose of the validation and application of the
model, Ewa Values were predicted for hydrogenation, hy-
droxylation, and fluorination on various CNT surfaces.
Parametersksx and Ep for hydroxylation OH) and
fluorination were deduced from the graphene sheet analysis
following the similar procedure of hydrogenation. Figure 3
shows that the model can prediéf" and Ei values
within small errors compared to DFT results. The parameters
and the error ranges are summarized in Table 2. The larger
error in the hydrogenation energy of go@llerene is mainly

hydrogenation-energy calculations on the strained C atoms.due toEg,ix. A Cgo fullerene is more stable than the CNT of

During the simulations, all of the C atoms were held fixed
to maintainf,, and the position of the H atom was relaxed.
The parameterss,, Eyx, and a constariyphiewere obtained
by fitting the calculatedEc_x values of a graphene sheet to
eq 6, as shown in Figure 2&gypnie IS 0.58 eV, and the
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a comparable radiug&, for a Gy fullerene (Figure 2b) is
thus smaller than the CNT-based estimated value.

We noted from Figure 3 that metallic CNTs are slightly
more reactive than the semiconducting CNTs and that the
reactivity difference is larger for the fluorinations. Also, the
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Figure 3. DFT-computedE, (0) and GIT"‘ values Q) for fully
relaxed configurations and their estimated values (solid curves) for
(a) hydrogenation, (b) hydroxylation, and (c) fluorination.

errors inEyy are larger for fluorination. We believe that
they are due to the electron affinity difference between X
and CNTs. In other words, this model works better when
the bond has more covalent character.

The decomposition dE, provides a better understanding
of the chemical reactivity of CNTs. BecauSgaxis relatively
small, Eqra is determined by two competing term&sain
andEc_x. When the negativ&c_x dominates, the reaction
occurs at the minimum of their sum. In addition, the trend
in the By curve can be understood by the behaviors of the
two major energy termsEgyain CUrves are nearly identical
but shifted with respect to the graphene sheet curvégy
values, whereas thé&c_x curve is almost linear and
independent of the initial structure (Figure 2a). Thigga,
the sum of the energy terms, behaves almost linearly with
6o. The linear behavior dEy can be confirmed by another
report!4

Finally, the model was applied to the chemical reactivity
prediction of mechanically deformed CNTs. Because eq 2
of Esrainand eq 6 ofEc—x depend only orf), of the reacting
C atom, the model can be extended to the chemical reactivity
prediction of conformationally deformed CNTs. As an
example, we examined bent CNTs. First, the configurations
of 0—40° bent (10, 0) CNTs were prepared by molecular
dynamics simulations using the TerseBrenner potential
for C—C interactiong® We then predicted the hydrogenation
energies of each C atom from éisand the developed model.
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Figure 4. Chemical reactivity (hydrogenation energy) change as
a function of bending angle.

The results in Figure 4 show that the local chemical
reactivity of CNTs can be controlled by proper mechanical
deformations, which can be predicted by the developed
model. In Figure 4, no significant change but the gradual
increase in hydrogenation energies of C atoms around the
center of the CNT from-2.2 to—2.6 eV was observed up
to 3C°; however, a dramatic enhancement at the bent area is
noted at 40 because the hydrogenation energies of six C
atoms on each side exceede8.6 eV. In other words, we
need greater than 4bending to enhance the chemical
reactivity of hydrogenation significantly in a certain area.
The enhanced hydrogenation energy in the kink area is in
agreement with other recent work*

In summary, a generalized model with two parameters for
Eiotas Of CNTS has been formulated as a function of logal
only. Parameter&s, and Ey, of each reaction are readily
computable by a set of calculations on a graphene sheet. As
examplesEqa Values were predicted for the hydrogenation
hydroxylation and fluorination of various CNTs. As an
example of controlling chemical reactivity, the model
predicted enhanced hydrogenation energy at the kink site of
bent CNTs. The model could be useful in rapid prototyping
of the chemical reactivity. The approach can be extended to
multibond and other bond-type reactions.
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